A synthetic peptide corresponding to the first 34 amino acids of the parathyroid hormone-related protein (PTH-rP) produced by a human tumor associated with hypercalcemia was examined for skeletal and renal effects on calcium metabolism in vivo and in vitro. These effects were compared with those of human parathyroid hormone (1-34), hPTH (1-34). Equal doses of PTH-rP(1-34) and hPTH(1-34) produced equivalent stimulation of adenylate cyclase in vitro in bone cells and kidney cells and tubules. Subcutaneous injection of PTH-rP(1-34) in mice caused a significant dose-related increase in blood ionized calcium similar to that seen with hPTH(1-34) at equivalent doses. Repeated injections of equal doses of both peptides caused sustained hypercalcemia which was significantly greater in PTH-rP(1-34)-treated mice, although each induced comparable increases in histomorphometric indices of osteoclastic bone resorption. PTH-rP(1-34) and hPTH(1-34) also caused similar increases in bone resorption when incubated with fetal rat long bones in organ culture. Infusion of either peptide into thyroparathyroidectomized rats suppressed urinary calcium excretion and increased urinary excretion of cyclic AMP. PTH-rP appears to have similar effects to those of PTH on the skeleton, the kidney, and overall calcium homeostasis.
Introduction
Tumors associated with hypercalcemia often cause a syndrome which has similar characteristics to those of primary hyperparathyroidism. Thus, many cancer patients have increased renal tubular reabsorption of calcium (1) (2) (3) (4) , increased urinary excretion of cAMP (5, 6) , and increased bone resorption (7) (8) (9) . However, circulating concentrations of immunoreactive PTH are usually normal or suppressed in patients with hypercalcemia of malignancy (5, 10) , and tumor tissues iso-lated from such patients have not been found to express significant amounts of messenger RNA for PTH (11) . Recently, proteins with adenylate cyclase-stimulating activity similar to that of PTH have been partially purified from a variety of different human and animal tumor sources (12) (13) (14) . Most recently, a tumor product with adenylate cyclase-stimulating activity derived from a human lung carcinoma cell line has been purified and partially sequenced, and the cDNA has been cloned (15, 16) . This PTH-related protein (PTH-rP)' has significant NH2-terminal sequence similarity with PTH. Independently, other workers have isolated proteins with apparent identity to PTH-rP at the NH2-terminal region from human carcinomas of breast, kidney, and lung (17) (18) (19) . These studies suggest that a single protein may account for PTH-like activity in cancer patients. In this report we describe the biological effects in vitro and in vivo of a synthetic peptide consisting of the first 34 amino acids of this PTH-rP, PTH-rP(1-34), on bone and calcium homeostasis and compare these effects with those of human PTH(1-34), hPTH(1-34).
Methods
Materials. hPTH(l-34) was obtained from Bachem Fine Chemicals (Torrance, CA). PTH-rP( 1-34) was synthesized by Peninsula Laboratories (Belmont, CA) according to the published sequence ofSuva and colleagues (16) using the procedure of Hodges and Merrifield (20) . This material was then purified to homogeneity by reversed-phase HPLC on a Vydac C18 column (1 X 25 cm; Separations Group, Hesperia, CA) equilibrated with 0.1% trifluoroacetic acid and eluted using a gradient of 20-40% acetonitrile in 0.1% trifluoroacetic acid. The identity and purity of synthetic PTH-rP(1-34) was confirmed by amino acid and NH2-terminal sequence analysis.
Adenylate cyclase-stimulating activity. Adenylate cyclase-stimulating activity of the peptides was assayed in early passages (< 50) of the rat osteosarcoma cell line, UMR 106 (kindly provided by Dr. T. J. Martin, Melbourne, Australia). Adenylate cyclase activities of intact cells and of homogenates from confluent monolayer cultures of UMR 106 cells were measured as previously described (21, 22) . Adenylate cyclase activity in homogenates of rat renal cortex and in isolated rabbit proximal straight tubule (PST) segments from rabbit nephrons was assayed under conditions described by Morel and colleagues for enzyme assay in PST (23) . Dissected rat renal cortex (0.5 g) was homogenized in 10 In vitro and in vivo bone resorption. The assay used to detect in vitro bone resorption has been described previously (24) . Longer-term in vivo responses to hPTH(1-34) and PTH-rP(1-34) were tested in male Swiss mice. Doses of 10 Mg of either peptide or vehicle alone (1 mM HCI; 0.1% bovine serum albumin) were injected four times each day at intervals of 4-8 h over a 3-d period (total of 12 injections). The injections, each of 25 Ml, were given by Hamilton syringe into the subcutaneous tissues overlying the right side ofthe calvariae ofsix mice in each of the treatment groups. Orbital sinus blood was sampled before treatment and at 2 h after the second injection of each day for the 3-d duration of this experiment. In addition, blood was sampled just prior to the second injection (5 h after the first injection) on the third day and 10 h after the final injection immediately before the mice were killed (at 72 h).
The effects on bone morphology were assessed in the calvariae which were removed intact from the mice at the end ofthe experiment. After fixation in 10% phosphate-buffered formalin, the occipital bone was removed by cutting immediately behind and parallel to the lambdoid suture using a scalpel blade. A 3-mm-wide strip of bone was then cut anteriorly to and parallel with the lambdoid suture, decalcified in 14% EDTA, dehydrated in graded alcohols, and embedded in paraffin.
Four 3-Mm-thick representative, nonconsecutive step sections were cut and stained using hematoxylin and eosin.
The following variables were measured in two representative sections from each bone using a digitizing tablet and the Bioquant computerized image analysis system (R & M Biometrics, Inc., Nashville, TN): (a) total bone area (i.e., bone and marrow between inner and outer periosteal surfaces); (b) the number of osteoclasts within the marrow cavity (expressed per square millimeter ofthe total bone area); (c) the extent of resorption, either active (with osteoclasts present) or total rough crenated surface, along the interface between bone and bone marrow (expressed as a percentage of the total length of this interface). These histomorphometric measurements were performed on the injected side of the calvariae at a magnification of 359 in the segment ofbone between the sagittal suture and the muscle insertion at the lateral border ofeach bone. Seven consecutive fields ofequal length were counted in each slide.
Urinary excretion of calcium and cAMP in rats. The effects of PTH( 1-34) and PTH-rP( 1-34) were examined in male Sprague-Dawley rats weighing 266-328 g obtained from Harlan Industries (Houston, TX). Rats were thyroparathyroidectomized using ketamine/xylazine anesthesia 48-72 h before study. Sodium and volume status was maintained by daily gavage with 15 ml of 0.9% saline prior to the day of study. Adequacy of thyroparathyroidectomy was confirmed by an ionized blood calcium (from the orbital sinus) of< 1 mmol/liter on the day before study. Under Inactin anesthesia (100 mg/kg body weight; Promonta, Hamburg, Federal Republic of Germany), two catheters were placed into the left jugular vein for separate infusion of 100 mM CaCl2 and Ringer's solution. The Ringer's solution contained [14C]inulin (New England Nuclear, Boston, MA) for measurement of glomerular filtration rate (GFR) by standard techniques. A carotid catheter (PE-50) was used for blood sampling. A siliconized femoral venous catheter (PE-10) (both catheters from Intramedic, Becton, Dickinson & Co., Parsippany, NJ) was used for infusion of the peptides or of vehicle alone (0.9% saline; 1% bovine serum albumin). A PE-50 catheter was placed in the urinary bladder and urine was collected under mineral oil. After preparation in this manner rats were given a bolus containing 1.3 MCi ['4C]inulin with subsequent infusion at 1.5 MCi/h. CaC12 was initially infused at a rate of I ml/h until the blood ionized calcium (measured using the Ciba-Corning Ca2+/pH analyzer) increased from initial concentrations of < 1 mmol/liter to between 1.3 and 1.4 mmol/liter. Thereafter the blood ionized calcium was maintained within or close to this range by adjustment of the calcium infusion rate based on 1 5-30-min blood calcium measurements.
After a stabilization period of 90 min, seven consecutive 30-min urine samples were collected together with midpoint 400-Ml blood samples. To minimize blood loss the red blood cells were rapidly separated from the plasma, resuspended to original volume in Ringer's solution, and reinfused via a femoral venous catheter. Infusion of the vehicle was commenced at the initiation of the clearance periods and in the control rats (n = 5) was continued throughout the experiments at the rate of 400 Ml/h. In treated rats after two control 30-min urine collections, the vehicle infusion was replaced by infusion of either hPTH(l-34) 10 Mg (n = 4) or PTH-rP(1-34) 10 Mg (n = 4) in 400 M1 of vehicle infused over 1 h.
Urinary calcium was measured by atomic absorption (model 5000, Perkin-Elmer, Norwalk, CT). Relative plasma and urine concentrations of ['4C]inulin were measured in 10-Mgl aliquots using a scintillation counter (LS 5000, Beckman Instruments, Inc., Palo Alto, CA). Urinary cAMP was measured in unextracted aliquots of rat urine by automated radioimmunoassay (25) using radioiodinated succinyl cAMP tyrosine methyl ester prepared as described by Brooker and co-workers (26) . Urinary excretion of calcium was expressed in millimoles per milliliter of glomerular filtrate. Total urinary excretion of cAMP was expressed in nanomoles of cAMP per hour.
Results
The adenylate cyclase-stimulating activities of hPTH(1-34) and PTH-rP(1-34) in each of the assay systems tested were comparable (Fig. 1) . The two peptides were equipotent in both UMR 106 assays (intact cell and cell homogenate) and in the renal cortical homogenate assay. Moreover, both hPTH( 1-34) and PTH-rP(1-34) stimulated adenylate cyclase in rabbit PSTs, a site at which PTH is known to act (27) .
Single subcutaneous injections of either hPTH(1-34) or PTH-rP(1-34) in intact mice induced significant hypercalcemic responses at 1 h with all doses of either test material between 0.3 and 10 Mug (Fig. 2) . However, no significant hypercalcemic response occurred at any time point after injection of 0.1 Mg of either peptide in a single experiment (n = 4 in each group; data not shown). Doses of 3 Mug or less of either peptide induced maximal hypercalcemia at 1 h with attenuation ofthis response thereafter, whereas the peak of the hypercalcemic response was more sustained after 10-jig doses of either hPTH (1-34) or PTH-rP(1-34) . At each dose the calcemic responses to the two peptides were similar. Both peptides were also tested for their effects on bone resorption using the fetal rat long bone organ culture system. In this assay, once again, the two peptides appeared to be equipotent (Fig. 3) .
In preliminary studies we infused the two peptides either subcutaneously or intravenously by osmotic minipump (Alzet, Alza Corp., Palo Alto, CA). We observed rapid loss both ofthe hypercalcemic action and of the in vitro adenylate cyclasestimulating activity of PTH-rP(1-34) contained in the pumps. A previous study has shown a similar, although less marked, decline in activity of PTH in this infusion system (28). Unlike the authors of that study, we were unable to offset this loss of activity by siliconization of the pumps or increasing vehicle carrier protein concentrations (data not shown). It was for this reason that we chose to examine the effects of repeated injections of hPTH(1-34) and PTH-rP(1-34).
Repeated injections (four times daily for 3 d) of either hPTH(l -34) or PTH-rP(l -34) induced progressive hypercalcemia which was particularly marked in samples taken 2 h after an injection (Fig. 4) . However, blood ionized calcium remained elevated 5 h after the first daily injection on the third day (51 h) and immediately before killing, 10 h after the last injection (72 h) (Fig. 4, inset) . The increase in ionized calcium compared with controls was significant in both treated groups throughout the treatment period (P < 0.005 at each sample time using nonpaired t test). Interestingly, PTH-rP(1-34) produced significantly more marked hypercalcemia than did hPTH(1-34) (P < 0.05 at each time point after 6 h, Fig. 4 ), a finding that was repeated in a subsequent experiment using different batches of both peptides (data not shown).
Bone histomorphometry showed similar increases in all indices of osteoclastic bone resorption within the calvariae in response to either hPTH(1-34) or PTH-rP(l-34) (Figs. 5 and 6) . However, in addition, in the PTH-rP(1-34)-treated mice we saw as many osteoclasts on the outer periosteal surface as inside the bone on the injected side, a feature not observed in hPTH(1-34)-treated or control animals (Fig. 6 ). Osteoclastic bone resorption was also increased in sections taken through dorsal and lumbar vertebral bodies from hPTH(1-34)-and PTH-rP( 1-34)-treated mice relative to control animals as well as in calvariae on the opposite side to the injection site (data not shown) indicating systemic effects of both peptides.
In rats infused with either hPTH(1-34) or PTH-rP(1-34), mean urinary excretion of calcium fell to a nadir of respectively 9% and 14% of baseline values near the end ofthe infusion period (Fig. 7) . Urinary excretion of calcium increased Error bars are absent where the ±SEM range was too small to be depicted. 1, liter. after the end of both treatments. Urinary cAMP excretion increased markedly and to a comparable extent in response to both peptides (Fig. 7) . Changes in urinary excretion ofcalcium and changes in urinary excretion of cAMP followed a similar time course. Discussion
The data reported here show that a peptide which is composed of the first 34 amino acids of the PTH-related protein associated with hypercalcemia of malignancy has similar biological activity to PTH both in vitro and in vivo. We have shown that this peptide, like PTH, stimulates adenylate cyclase in bone and kidney cells in vitro and increases urinary excretion of cAMP in vivo. Furthermore, we have demonstrated that PTH-rP(1-34) causes hypercalcemia in vivo, stimulates bone resorption both in vitro and in vivo, and increases renal tubular reabsorption of calcium. The major effects of both PTH and PTH-rP on target tissues, namely bone and kidney, were the same. However, our data do not exclude the possibility that . These measurements did not take account of periosteal bone resorption (see Fig. 6 ).
there may be subtle differences between the two peptides. Indeed, some difference in activity is suggested by our experiments with repeated injections, in which PTH-rP(1-34) induced the appearance of periosteal osteoclasts on the injected side of the calvariae, an effect that we did not see in animals treated with hPTH(1-34). In addition the hypercalcemic response to PTH-rP(1-34) was clearly and reproducibly greater than that due to hPTH(1-34) (Fig. 4) . The reason for this difference in the longer-term calcium changes is not apparent, although we speculate that differences either in the pharmacokinetics ofthe two peptides, or in the extent to which responses are downregulated may be important. Determination of the significance of these differences in response between the two peptides will require more detailed studies.
We have used several experimental techniques in these studies that have not been described previously. We have also used repeated injections ofboth peptides and quantified indices of osteoclastic bone resorption in vivo in addition to measuring changes in ionized calcium in whole blood. We chose to inject the peptides locally over the calvariae and to examine the underlying bone because our previous studies had indicated that basal levels ofbone resorption at this site are low and that subcutaneous infusion of PTH and interleukin-l (IL-1) (29) (and hPTH(1-34) ) are progressive and more sustained than those of single injections. At least part of this progressive hypercalcemia is likely to be related to the increased bone resorption that we observed. Although our data suggest that parallels with the established effects ofexcess PTH in primary hyperparathyroidism may be drawn, determination of the relative importance of the effects of PTH-rP on bone and the kidney will require further studies. (UcAMPE) in control rats (n = 5) and rats infused ove hPTH(1-34) (n = 4) or PTH-rP(1-34) (n = 4). Values for each 30-min collection period were compared wit} tained during the second control collection period for group using Student's t test for paired samples. *P < C < 0.01, ***P < 0.0001.
PTH-rP
The precise role of PTH-rP relative to other factors in the production of hypercalcemia of malignancy remains unclear. There is evidence that, as in primary hyperparathyroidism, many patients with hypercalcemia of malignancy have increased renal tubular reabsorption ofcalcium which is likely to be at least partly responsible for the hypercalcemia (1-4). Our data clearly indicate that PTH-rP is capable of mediating this effect. Bone resorption may also be increased in both primary hyperparathyroidism and in hypercalcemia of malignancy. However, there tends to be a greater relative increase of bone resorption over bone formation in the latter disorder (7, 8) .
Furthermore, serum concentrations of 1, 25 dihydroxyvitamin D3 tend to be low in hypercalcemia of malignancy but are frequently increased in primary hyperparathyroidism (5).
PTH-rP These differences between the two forms of hypercalcemia are )eriods) not explained by the present study which indicates that PTHrP(1-34) and hPTH(1-34) share similar biological activities.
and cAMP
One possibility to account for such differences is that the com- as well as the 1-34 portion of the PTH-rP molecule (as shown here). It is clear that many different mechanisms may, individually or in combination, produce hypercalcemia and that more than one mechanism is often present in individual patients (9) . Thus the effects of other influences, including decreased mobility and the production of tumor-associated cytokines other than PTH-rP are likely to be at least partly responsible for the differences between hypercalcemia of malignancy and primary hyperparathyroidism. Further elucidation ofthe precise role of PTH-rP in hypercalcemia of malignancy awaits further study including the measurement of this tumor product in individual patients with this disorder.
